Bacterial magnetosomes (BMs) have emerged as potential drug delivery vehicles, possessing an iron oxide or iron sulfide core surrounded by a natural lipid membrane shell. In this study, we immobilized cytosine arabinoside (Ara-C) effectively on BMs by using various methods such as direct absorption (ABMs), and others include different cross-linkers such as genipin (GP) and glutaraldehyde (G). A well-dispersed Ara-C coupled bacterial magnetosomes resulted in significantly higher negative charge than that of naked BMs (−11.5 ± 0.3 mV) confirming the drug loading. Out of all methods, direct absorption process led to the highest encapsulation efficiency and drug loading of 88.2 ± 4.3% and 46.9 ± 1.2%, respectively. These designs have shown the long-term drug release behavior without an initial burst release. Our results indicate that BMs-based nanoconjugates will potentially find widespread applications in pharmaceutical field.
Introduction
Recently, the explosive growth of utilization of nanotechnology for the preparation of delivery systems has led to the great progress in the field of medicine [1] . This technology provides an efficient alternative strategy to conventional delivery systems in not only for delivering drugs and genes to various therapeutic sites but also for bioimaging, tissue engineering, and others [2, 3] . The efficient therapeutic strategies from this technology include, but are not limited to, polymer nanoparticles [4, 5] , lipid-based nanoparticles [6, 7] , and inorganic nanomaterials based on iron oxide [8] , gold [9] , and quantum dots and others [10] . Amongst inorganic nanomaterials, magnetic nanoparticles have drawn much attention in biomedical, medical diagnosis, and medical fields because of their tunable size, narrow size distribution, and unique optoelectronic features [11] [12] [13] . They have shown remarkable potential in biomedical research, especially their ability in combining therapeutic moieties with diagnostic agents [14, 15] , which attributes to their inherent biocompatibility, magnetic properties, and high surface-area-to-volume ratio. Negatively charged bacterial magnetosomes (BMs) are one of the most efficient magnetic nanoparticles intended for the delivery of various bioactive moieties [16, 17] . In regard of designing the drug delivery carrier, BMs do not require any external modification/surface functionalization to improve the drug loading efficiency unlike that required for other magnetic nanoparticles. In general, BMs are biogenic magnetite derived from magnetotactic bacteria. These are composed of iron oxide or iron sulfide minerals enveloped by lipid membrane rich in amino groups [18, 19] . In addition, previous literatures have evidenced that BMs are used to deliver various therapeutic agents such as drugs [20, 21] , enzyme [22] , and DNA [23] . In a case, the activity of glucose oxidase immobilized BMs is 40 times effective than those immobilized on artificial magnetite particles [24] . In another instance, BMs have been used as vectors for the chemotherapeutic drug conjugation, that is, methotrexate (MTX), which has shown exceptional loading and in vitro release behavior of MTX [25] . Moreover, after modifying with poly-L-glutamic acid, the drug loading amount was significantly increased in BMs [26] .
In this paper, we designed a delivery system possessing BMs loaded with Ara-C effectively by using different methods such as direct absorption (ABMs), and others include different cross-linkers (GP and G) which resulted in different ABMs (ABMs-GP, ABMs-G), respectively (Scheme 1). Further, we investigate the release behavior of antitumor drug Ara-C from BMs nanoconjugates.
Materials and Methods

Materials.
Bacterial magnetosomes derived from Magnetospirillum sp. ME-1 were provided by Wuhan Institute of Virology, Chinese Academy of Sciences. Ara-C was purchased from Sunray Pharmaceutical Co., Ltd. (Suzhou, China). Genipin (GP) was obtained from Zhixin Biotechnology Company (Fuzhou, China). Glutaraldehyde (G) was purchased from Sigma Aldrich (USA). All other additional chemicals utilized were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
Ara-C Immobilization on BMs.
Due to abundant amino groups in the lipid membrane shell, bacterial magnetosomes isolated from the cells of magnetotactic bacteria are extremely suitable for Ara-C immobilization [19] . Ara-C also has the amino active sites suitable for immobilization. The immobilization of Ara-C is investigated by using various methods such as direct absorption method, and others include various cross-linkers (GP and G). The scheme of preparation was based on our previous study [27] .
Initially, purified BMs were suspended in PBS (pH 7.4) and the suspension was subjected to ultrasonic bathing at 50 W for 5 min to distribute the BMs adequately. BMs were then incubated with Ara-C by sonication (50 W, 5 min). Following the addition of GP solution (0.5%), the mixture was distributed by ultrasonic bathing for ten times (50 W, each lasted for 1 min with an interval of 5 min). The mixture was then placed in an incubator shaker with provided conditions (60 rpm, 37 ∘ C for 72 h). The resultant ABMs-GP was derived from the blend by magnet and then washed carefully with PBS (pH 7.4). Other designs such as ABMs-G and ABMs were obtained through the same above discussed process, but the only change is by using G and no cross-linker, respectively.
Physical Characterization.
Transmission electron microscope (TEM) images were captured following the procedure for preparing samples. The prepared complexes were washed with PBS and distilled water for many times, followed by being suspended in distilled water using an ultrasonic bathing. Further, the BMs and the previous complex supernatants (15-20 L) were dropped on the cropper grids.
After being dried, all grids were observed under the TEM. In addition, surface charge measurements were performed using Zetasizer. The samples were suspended in water, and 1 mL of suspension was subjected to record the surface charge using Zetasizer analyser (ZEN 3600; Malvern Instruments, Ltd., Malvern, UK). All assays were performed in triplicate, and the DTS5.00 for windows was used for statistical analysis.
Examination by FTIR Spectrometer.
To elucidate the functional groups attached, Fourier transform infrared (FT-IR) spectra were recorded on NICOLET iS10, Thermo Fisher Scientific spectrometer at a scanning range of 4000-400 cm −1 . Samples were prepared using a dried KBr pellet method.
Evaluation of the Amount of Ara-C Immobilized to
BMs. Appropriate sample suspension was taken out and dissolved in 4.8 mL breaking-membrane liquid composed of 37% hydrochloric acid and 70% ethanol solution (v/v = 1 : 2) for 1 h. The number of Ara-C loaded with BMs was calculated based on a standard curve for Ara-C in breaking-membrane liquid: = 24.4764 + 0.3134 ( 2 = 0.9994), where is the concentration of Ara-C ( g/mL) and is the absorbance of Ara-C in membrane-breaking liquid measured at 283.5 nm.
In Vitro Drug Release Study.
The tests of Ara-C released from various samples were performed by placing the sample containing tubes in an incubator shaker at 60 rpm, 37 ∘ C with magnet absorption. The resultants were diluted into PBS at pH 7.4 and incubated for 0.5, 1, 12, 24, 36, or 48 h. At settled time points, the absorption value of Ara-C in the supernatant was measured at 271.4 nm using U-vis spectrophotometer. The concentration of Ara-C was determined using a standard curve: = 26.0769 − 0.0625 ( 2 = 0.9999), where is the concentration of Ara-C ( g/mL) and is the absorption of Ara-C in PBS at 271.4 nm. All assays were performed in triplicate.
Results and Discussion
Immobilization of Ara-C on BMs.
The commonly used method to prepare BMs-based conjugates was through amine-amine linkage [28] . We investigated various approaches to couple Ara-C with BMs using different crosslinkers. Figure 1 depicts the TEM image observations elucidating the surface morphology of BMs-based conjugates. A distinct membrane outside of BMs is clearly visible and it is noteworthy that various conjugates (Figures 1(b)-1(d) ) look like they were covered by thickened and blurred materials, which is absent in BMs (Figure 1(a) ). This infers that Ara-C is loaded onto the surface of BMs.
The surface charge of nanoconjugates plays a key role in elucidating the drug loading efficiency. As shown in Table 1 , the zeta potential values of all drug conjugates were significantly lower than that of BMs (−11.5 ± 0.3 mV). The changes indicate that Ara-C is successfully loaded onto the BMs. This phenomenon could be the occupying of positively charged groups in the membrane. The results also show that the resultant conjugates are stable in aqueous solution. [29] .
Examination by FTIR
It is notable that the FTIR of ABMs-GP showed weaker absorbance at both 3435 and 1568 cm −1 than that of BMs, due to the reduction of amino groups on ABMs-GP, while the stronger absorbance peak at 1728 cm −1 also was found, which represents the introduction of carbonyl groups [21] . The absorption peak at 809 cm −1 assigned to Ara-C was found in ABMs-GP. Additionally, the FTIR of ABMs-G showed stronger absorbance peak at 1059 and 1634 cm −1 . Moreover, contrary to the BMs, both the FTIR of ABMs and Ara-C showed absorbance peak at 809 cm −1 . All these data manifested that Ara-C is loaded on to BMs membrane via different cross-linkers.
Evaluation of the Amount of Ara-C Immobilized to BMs.
It is well known that high coupling efficiency can facilitate the therapy. Figure 3 depicts that the amount of Ara-C coupled to BMs changes over cross-linking methods. The drug loading of ABMs is much higher than that of previous study [30] . The high drug loading may be due to the abundant amine groups and narrow size distribution. Most important is that direct absorption methods exhibited the highest coupling efficacy and encapsulation efficiency within the experiment, owing to the high surface to volume ratio of BMs [31] . Nevertheless, the drug loading of ABMs-GP and ABMs-G by covalent cross-linking is lower than that of ABMs; it may be because the reaction process is affected by various other factors such as pH, temperature, and concentration. In this paper, we 100 nm selected the optimum condition of our previous study [20] . The other factor is the steric effect of intermolecular reaction, which inhibits the experiment process. The results of drug loading are consistent with that of zeta potentials.
In Vitro Drug
Release. The release of Ara-C from BMsbased conjugates was assayed by suspending them in PBS (pH 7.4) to mimic pH of blood plasma [32] . As shown in Figure 4 , drug burst release behavior was not observed in the initial half an hour. Ara-C releases slowly and lower than 40% of the original drug after incubation for 140 h. This phenomenon indicates that BMs-based conjugates are endowed with a long-term release property. Ara-C was released more readily from ABMs-G than that of ABMs-GP and ABMs (Figure 4(b) ). The reason may be attributed to the fact that intermolecular forces of direct absorption are weaker than covalent cross-linking. However, at the first 5 hours (Figure 4(a) ), the cumulative release of ABMs was a little slower, which may be a compromise result of the highest drug loading and the relatively higher release amount.
Conclusions
In summary, Ara-C was immobilized on BMs efficiently by using GP, G, and direct absorption. Direct absorption shows the highest drug loading of 46.9 ± 1.2%. In comparison with different conjugates, ABMs shows better dispersion and much more stable long-term release property. Our study provides a theoretical basis for cross-linking method to reduce the amount of drug and improve the therapy efficiency. Journal of Nanomaterials
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